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A systematic investigation of damage accumulation in GaN films induced by Ar+ as a function of 
implantation temperature and dose rate has been conducted. Depth distribution of disorder was 
measured by Rutherford Backscattering/Channeling spectrometry. Two disordered regions were 
identified in the damage depth distribution: a surface peak and a bulk damage peak. These regions 
exhibited different behavior as a function of implantation temperature. The displaced atomic density 
in the bulk damage peak displayed a “reverse annealing” behavior in temperature range from 500 °C 
to 700 °C, which we attributed to formation of characteristic secondary defects. The influence of 
implantation temperature and dose rate on the radiation damage accumulation is discussed.
 
1 Introduction
Due to its outstanding properties, GaN plays a signifi-
cant role in modern semiconductor physics and technol-
ogy. In order to realize the advantage of GaN,
controllable doping and formation of semi insulating
layers must be achieved. Ion implantation is the only
technique presently available for planar selective area
doping of GaN  [1]. The introduction of dopants into
solids by ion implantation is accompanied by radiation
damage of the crystalline lattice, which has to be recov-
ered via annealing treatments. It has been demonstrated
that the removal of implantation damage in GaN
requires annealing temperatures above 1500 °C and is
complicated by material decomposition due to nitrogen
evaporation  [2]. One way to facilitate the annealing pro-
cess is to reduce the damage concentration by perform-
ing the ion implantation at elevated temperatures. It has
been shown in a number of papers that ion implantation
at temperatures (Timp) up to 550 °C reduces the amount
of radiation damage in comparison to room temperature
(RT)  [3] [4] [5]. In contrast, a report by Wenzel et al.
[6] indicated that the lattice disorder measured by Ruth-
erford Backscattering/Channeling spectrometry (RBS/
C) in GaN implanted with Mg+ increased with increas-
ing implantation temperature from RT to 550 °C. The
main intention of the present study, therefore, was to
investigate in detail the dependence on the implantation
temperature of the amount of damage produced in GaN
over a wide temperature range. 
2 Experimental Details
For the present investigation, epitaxial GaN films (1.0 -
1.5 µm thick) were grown on (0001) 6H-SiC substrates
by MOVPE deposition. Implantation with 150 keV Ar+
was performed at temperatures ranging from RT to 1000
°C, to a dose of 3x1015 cm-2 and a dose rate 0.45 and 4.5
µA/cm2. During implantation the tilt angle between the
ion beam direction and the sample surface was set to 5 °
to avoid channeling effects. Samples were mounted onto
a graphite strip, which was heated by passing an AC cur-
rent through it. The heater temperature calibration was
carried out by an optical pyrometer and Pt/Pt-10%Rh
thermocouple. The ion-induced damage was determined
by means of RBS/C with 2.3 MeV He+ ions aligned
along <0001> axis of the GaN sample and a scattering
angle of 108°.
3 Results and Discussions
Figures 1a – 1c depict the aligned RBS spectra obtained
from the as-grown sample and from samples that were
implanted with 150 keV Ar+ to the dose of 3x1015 cm-2
at the dose rate 0.45 µA/cm2 over the temperature range
from RT to 1000 °C. For visualization of the RBS/C
spectra, the temperature range has been divided into
three groups and the data are shown in separate plots. A MRS Internet J. Nitride Semicond. Res. 7, 9 (2002). 1
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backscattering ions shows two distinct regions, which
behave differently with the change of implantation tem-
perature. The first region corresponds to the sharp sur-
face peak, which arose from the scattering from Ga
atoms located at the sample surface and reflects an
amount of disorder on the surface. The height of the sur-
face peak decreases with increasing implantation tem-
perature and approaches the magnitude of the
unimplanted sample. The second region is located at the
energies 1.6 - 1.9 MeV and represents the peak resulting
from direct scattering from the displaced Ga atoms in
the sample bulk. The figures clearly show that backscat-
tering yield in the bulk peak region decrease with
increasing Timp up to 500 °C (see Figure 1a). Implanta-
tion at higher temperatures results in a retrograde behav-
ior of the backscattering yield with temperature.
Irradiation in the temperature range between 500 °C and
700 °C leads to an increase in the yield (see Figure 1b),
which we refer to as the “reverse annealing” regime and
further increase of the temperature decreases the back-
scattering yield (see Figure 1c).
These results are very unexpected because usually,
as the implantation temperature increases one observes a
decrease of disorder. RBS/C studies of Si, Ge and GaAs
implanted at elevated temperatures with various ions, at
a wide range of energies and ion doses have demon-
strated that an increase of the implantation temperature
always results in a decrease of the concentration of radi-
ation-induced defects  [7] [8] [9]. We believe that the
retrograde behavior of the damage density as a function
of implantation temperature observed in GaN is due to
the fact that damage accumulation under bombardment
in this material proceeds by a mechanism different from
the mechanism which takes place in the above-men-
tioned materials. It is plausible that, due to the high
dynamic annealing rate, characteristic secondary defects
are formed in the narrow temperature interval just
before the temperature at which the disorder begins to
drop, and that these defects cause significant displace-
ment of atoms from regular lattice sites, as registered by
RBS/C.
The depth distribution of defects in the bulk damage
peak, Nd(z), was estimated by applying the linear
dechanneling approximation  [10]:
, (1)
 
where N0 is the atomic density in the Ga sublattice,
χd and χr are the measured normalized yield in the dam-
aged crystal and the calculated dechanneled fraction,
respectively. 
The defect profiles obtained from equation (1) are
shown in Figures 2a – 2c. The bulk damage peak resem-
bles a Gaussian-like profile centered at 90 ± 10 nm for
Timp up to 500 °C (see Figure 2a). The increase of Timp
from RT to 500 °C results not only in annihilation of
radiation defects but also in their diffusion into the sam-
ple bulk. When the implantation conditions favorable for
the reverse annealing regime were achieved, the maxi-
mum of the damage peak shifted deeper into the bulk
and was situated at 113 ± 10 nm for irradiation at Timp=
700 °C (see Figure 2b). Further increase of implantation
temperature to 1000 °C reduces the amount of disorder
(see Figure 2c). At Timp ≥ 800 °C the maximum of the
bulk damage peak shifts back to the surface, presumably
due to evaporation of a thin surface layer. Analysis of
GaN evaporation during high-temperature ion implanta-
tion will be reported elsewhere. 
We believe that the reverse annealing characteristic
is directly related to the shift of the maximum of radia-
tion damage into the bulk from the depth of the primary
defects, which corresponds to the maximum of the
nuclear energy loss towards the projected range (Rp) of
Ar ions. As the implantation temperature increases the
mobility of point defects, lattice and impurity atoms also
increases. Since the concentration of Ar atoms at Rp was
relatively high (∼ 0.4 at%) and its solubility is low, the
stressed region with high Ar concentration may serve as
a nucleation site for secondary defects. Thus it is con-
ceivable that the increase of the damage in the tempera-
ture range between 500 °C and 700 °C is related to the
build up of these secondary defects in the implanted
layer.
A similar phenomenon was observed in GaN
implanted at temperatures ranging from RT to 550 °C
with 2.5x1015 cm-2 Mg+ at the dose rate up to 20 µA/
cm2  [6]. The authors observed that backscattering yield
increased with increasing irradiation temperature and
suggested that this behavior is due to defects generated
at high implantation temperatures. We believe that the
same type of defects are responsible for the reverse
annealing behavior for Ar+ and Mg+ irradiation of GaN,
and that the different temperature range of this phenom-
enon  is dictated by the magnitude of the dose rate,
which was significantly higher in  [6] than in our experi-
ments. To check this, the dose rate was increased up to
4.5 µA/cm2 and the other implantation conditions were
kept the same. 
The integrated defect density, Id, in the bulk damage
peak and the height of the surface peak, Hsp, as a func-
tion of the implantation temperature for two different2  MRS Internet J. Nitride Semicond. Res. 7, 9 (2002).
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decreases monotonically with temperature and there is
little difference in the amount of disorder produced at
different dose rates. However, the impact of the dose
rate is apparent if one considers the disorder in the bulk
damage peak. The shape of the Id(T) dependencies at
both dose rates is very similar, but the retrograde behav-
ior is shifted by ∼100 °C towards lower temperatures at
the higher dose rate value. We believe that there was
extra heating of the samples during the implantations at
4.5 µA/cm2. This temperature rise was not recorded
because the thermocouple was not exposed to the ion
beam and was not attached to the sample surface but to
the backside of the heater. Thus it is possible that the
shift of the Id(T) dependence observed in Figure 3
resulted from the rise of actual sample temperature dur-
ing the high dose rate irradiation.
Taking into account the temperature increase caused
by high dose rate beam, one can explain the other dis-
crepancies observed in Figure 3. For example, the
decrease of the Hsp(Timp = RT) at the high dose rate
results from annealing of damage, which in turn is
caused by ion beam heating of the sample. The increase
of the Hsp value at Timp = 1000 °C can also  be
explained by the ion-beam induced temperature
increase. Studies on GaN decomposition in vacuum
show that significant decomposition starts at T>1050 °C
[11]. It has also been shown that nitrogen evaporates
faster than gallium in this temperature range. Thus, the
high dose rate beam raises the sample temperature into
the regime where enhanced decomposition of GaN takes
place. Therefore, the observed increase in the height of
the surface peak and its width may be due to the effect
of nitrogen loss during ion implantation. Examination of
the sample surface using an optical microscope and an
SEM shows that the surface is smooth and featureless.
No Ga droplets were observed, probably because the
thickness of the decomposed layer is insignificant for
this effect to occur or because congruent evaporation
takes place.
4 Conclusion
We have used RBS/C spectroscopy to comprehensively
study the impact of implantation temperature on the
accumulation of radiation defects in GaN during Ar+
implantation. Two disordered regions were identified in
the damage depth distribution: the surface peak and the
bulk damage peak. A pronounced difference between
the damage build up behavior in these regions was
found. The height of the surface peak representing the
amount of the disorder in the Ga sublattice on the sam-
ple surface decreases with increasing implantation tem-
perature and approaches the magnitude corresponding
to an unimplanted sample. This behavior indicates that
radiation damage on the sample surface is effectively
removed by implantation at elevated temperatures. The
amount of disorder in the bulk region demonstrates ret-
rograde behavior with implantation temperature. We
believe that the damaged region with high Ar concentra-
tion may serve as a nucleation site for a type of defect
responsible for  the reverse annealing feature. It has
been shown that the temperature range wherein the
reverse annealing regime occurs depends on the dose
rate and its shift towards lower implantation tempera-
tures results from extra heating of the sample during the
high dose rate implantation. This result demonstrates the
importance of careful substrate temperature measure-
ments during high-temperature ion implantation.
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Downloaded fromFigure 1a. RBS/C spectra of GaN implanted with 150 keV Ar+
to the dose of 3x1015 cm-2 at different temperatures: RT -
[square](red), 150 °C - ̂  (green), 300 °C - ∆ (dark blue), 500 °C
- + (light blue). Black solid line corresponds to an unimplanted
sample. 
Figure 1b. RBS/C spectra of GaN implanted with 150 keV Ar+
to the dose of 3x1015 cm-2 at different temperatures: 500 °C - +
(light blue), 600 °C - ∇ (dark blue), 700 °C - ✧ (green). Black
solid line corresponds to an unimplanted sample. 
Figure 1c. RBS/C spectra of GaN implanted with 150 keV Ar+
to the dose of 3x1015 cm-2 at different temperatures: 700 °C -
✧ (green;, 800 °C -[square] (red), 900 °C - • (dark blue), 1000
°C - ∆ (light blue). Black solid line corresponds to an
unimplanted sample. 
Figure 2a. The depth distribution of damage, Nd(z), in GaN
implanted with 150 keV Ar+ at different implantation
temperatures obtained using equation (1): RT - [square] (red),
150 °C - o (green), 300 °C - ∆ (dark blue), 500 °C - + (light
blue). 4  MRS Internet J. Nitride Semicond. Res. 7, 9 (2002).
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Downloaded fromFigure 2b. The depth distribution of damage, Nd(z), in GaN
implanted with 150 keV Ar+ at different implantation
temperatures obtained using equation (1): 500 °C - + (light
blue), 600 °C - ∇ (dark blue), 700 °C - ✧ (green). 
Figure 2c. The depth distribution of damage, Nd(z), in GaN
implanted with 150 keV Ar+ at different implantation
temperatures obtained using equation (1): 700 °C - ✧ (green),
800 °C - [square] (red), 900 °C - • (dark blue), 1000 °C - ∆
(light blue). 
Figure 3. The integrated damage in the bulk peak, Id, and the
height of the surface peak, Hsp, as a function of the
implantation temperature for two dose rates: 0.45 and 4.5µA/
cm2.    MRS Internet J. Nitride Semicond. Res. 7, 9 (2002). 5
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